Abstract. Formation of particles and their effect on SiC epitaxial growth in the CVD reactor is investigated. Particle induced defects in the epilayer at different gas decomposition conditions are discussed. A higher number of pits with larger diameters are observed in the epilayer for conditions where gases decompose later in the gas injector tube (i.e. nearer to the substrate). On the other hand, the number and size of these pits reduce for the condition where gas decomposes earlier in the tube. To investigate the effect of particles during the growth, various particles with different size, shape and compositions are intentionally placed on the substrate surface before epitaxial films are grown. Samples are mapped and compared at similar locations in the pre-growth, post growth and post-etch (by molten KOH) conditions. It is found that the nature of particle induced defects depends primarily on size and shape of particles.
Introduction.
One of the greatest challenges in SiC epitaxial growth is to maintain an unadulterated, 'clean' environment by restricting the formation of solid or liquid particles during growth. These particles nucleate mostly in the gas phase as Si droplets and deposit on the gas injector wall as Si and 3C-SiC materials and also get carried to the growth surface by H 2 gas flow. In silicon carbide CVD, the surface is usually kept at around ~1500 o C. The gas injector provides a wide temperature zone (~450 o C to ~1400 o C) suitable for growth of silicon and other materials in the reactor. This favorable condition for Si aerosol formation and particle generation due to the parasitic depositions do not only reduce the growth rate due to precursor loss but also degrade the crystal quality by inducing various defects. Silicon clusters or particles attaching to the surface during crystal growth may affect the growth adversely [1] .Silicon is reported to be used as seed for 3C CVD growth [2] and hence Si material as a form of particles on the SiC substrate during growth is expected to initiate 3C nucleation and generate defects. 3C-SiC deposited at the high temperature zone in the injector tube can also be transported to the growth surface. Use of a hydrocarbon gas (e.g. propane) in the reactor and presence of graphite parts ensure conditions to generate C or C rich particles in the injector tube which may also be carried to the epi surface and introduce defects.
Experimental.
A special technique is applied to study parasitic depositions in the gas injector tube for different growth conditions by using a gas injector tube that is axially split into two halves, which can be assembled for growth (Fig. 1a, b and c, representing one half of each injector tubes for three different temperature profiles). The location of this tube in the reactor is shown as pq in Fig. 1d . The growth surface is inductively heated at 1550 o C by a fixed RF coil, whereas the temperature profile within the injector varies, controlled by shaping the eddy current path by introducing some vertical and horizontal gaps in the hotwall. Epilayers are grown (on 8º off cut, 4H-SiC, Si face substrates) for three different gas decomposition conditions evidenced by parasitic depsositions (Fig. 1a, b and c) starting at different places in the tube for three different temperature profiles obtained using the aforesaid method. To investigate the effect of particle on epi growth silicon particles are placed artificially on the substrate and mapped by Nomarski microscope. Epilayer is grown on the substrate and mapped. Finally, molten KOH etching technique is applied to delineate the defects and the etched epilayer is mapped for the same locations.
Results and discussion. SEM and EDX study reveal that depositions on the injector tube wall are mainly composed of loosely bound silicon particles of different shapes and sizes ( the respective locations in the tube (Fig. 1a) ) from where particles can be dislodged and transported to the growth surface during gas flow.
Crystals are grown, analyzed and compared for different gas decomposition conditions (Fig. 1a, b,  c) , where gases start decomposing at three distinct positions in the injector tube. A 50% increase of growth rate is observed for the case of late gas decomposition in Fig. 1c compared to early gas decomposition in Fig. 1a . The reduced growth rate for gas decomposition condition in Fig. 1a is due to the excessive precursor losses in the form of parasitic deposition. Different size and shape of pits are observed on the epi surface for the above conditions (Fig. 3) . Even though the highest growth rate is achieved for Fig. 1c compared to Fig. 1a and 1b, growth pits with large diameter are dominant for this condition (Fig. 3c) . The size and density of these pits reduce for the cases where gas decomposes earlier in the injector (Fig. 1a) . We can infer that particles travel a longer distance in the hot region and absorb enough energy for the case of Fig.1a to evaporate and disintegrate before reaching the epi surface according to [3] . Effect of particles on the epi growth is investigated by introducing silicon particles artificially on the substrate before growth. The size of the particles or cluster of particles in Fig. 4a vary from ~1µm to 10µm. Epitaxial films are grown with ~3-4µm thickness on this substrate (similarly, growths are also carried out on substrates surface with C and SiC particles). After the growth, pits/bumps with different sizes are observed at the corresponding locations where particles were present ( Fig. 4a and Fig. 4b for comparison) . Etching by molten KOH is performed for defect delineation and it reveals that these smaller pits do not generate any crystal defects such as TSD or stacking faults but just leave a morphological defect (Fig, 4b, #9 ). On the other hand, relatively larger pits (usually crater shaped) are observed for the larger particles (~10µm) shown in (Fig. 4b, #6 , and #10 corresponding to Fig. 4a, #1 and #5) and Step flow
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TSDs are revealed at the pit locations after KOH etching. Moreover, pits generated from larger particles (~10um), associated with TSDs, almost always generate stacking faults (SF) which appear as pairs of BPDs originating from the pit (Fig. 4, #6 and #10 insets). Delineation of SF by KOH etching is discussed elsewhere [4] . Fig. 4b shows that pits (Fig. 4b, #6 and #10) generate SF clusters for the largest particles (Fig. 4a, #1, #5) . These large particles consist of multiple sharp edges. Medium sized (~5um) particles corresponding to (Fig.4a #2 and #4 ) generate only a pair of BPDs or a single SFs with or without TSD associated with it (Fig. 4b, #7 and #8). Particles with comparatively very small sizes (<~1um, marked by rectangles in Fig. 4a ), often leave no trace in the epilayer (Fig. 4b) . However, it is not confirmed whether these very small particles are completely embedded in the crystal (and disappear) or vanish by hydrogen flow prior to the growth. We can conclude that new crystal and morphological defects, not related to the substrate, are generated due to the intentionally introduced particles with different shapes and sizes. The density of newly generated defects in the epi will depend on the particle density in the substrate. Even though these defects are generated due to artificially introduced particles, a similar condition can also exist for regular epi growth. Firstly, due to the particles introduced by the exfoliation of the parasitic deposition in the reactor and carried to the growth surface by the high gas flow. Secondly, particles may also be generated by the formation of clusters in the gas phase due to supersaturation (especially severe at high growth rate, i.e. high precursor concentration). These in-grown particles can also generate new defects during epi growth similar to the artificially introduced particles discussed earlier. Even though we only report the influence of Si particles in this paper, similar experiments also have been conducted for C and SiC particle. We find that the above discussion is applicable to them as well; these results will be discussed in detail in a future publication.
Summary
Particle formation in the reactor at various growth conditions and their effect on epi growth are discussed. Growth pits are observed in a higher number for the condition where gas decomposes later in the injector tube compared to early decomposition. For the early gas decomposition, even though the particles are formed inside the tube, eventually they re-evaporate in the gas injector tube before reaching the substrate. The effect of particles on growth is investigated-for both morphology and crystal defects by artificially placing silicon particles on the substrate before the growth. It is revealed by molten KOH etching that large size particles (~10um) with irregular contour and sharp edges has the highest chance to induce TSDs and stacking faults in the over grown epilayer.
